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a b s t r a c t
Most of our knowledge about deep-sea habitats is limited to bathyal (200–3000 m) and abyssal depths
(3000–6000 m), while relatively little is known about the hadal zone (6000–11,000 m). The basic paradigm
for the distribution of deep seafloor biomass suggests that the reduction in biomass and average body size of
benthic animals along depth gradients is mainly related to surface productivity and remineralisation of
sinking particulate organic carbon with depth. However, there is evidence that this pattern is somewhat
reversed in hadal trenches by the funnelling of organic sediments, which would result in increased food
availability along the axis of the trenches and towards their deeper regions. Therefore, despite the extreme
hydrostatic pressure and remoteness from the pelagic food supply, it is hypothesized that biomass can
increase with depth in hadal trenches. We developed a numerical model of gravitational lateral sediment
transport along the seafloor as a function of slope, using the Kermadec Trench, near New Zealand, as a test
environment. We propose that local topography (at a scale of tens of kilometres) and trench shape can be
used to provide useful estimates of local accumulation of food and, therefore, patterns of benthic biomass.
Orientation and steepness of local slopes are the drivers of organic sediment accumulation in the model,
which result in higher biomass along the axis of the trench, especially in the deepest spots, and lower
biomass on the slopes, from which most sediment is removed. The model outputs for the Kermadec Trench
are in agreement with observations suggesting the occurrence of a funnelling effect and substantial spatial
variability in biomass inside a trench. Further trench surveys will be needed to determine the degree to
which seafloor currents are important compared with the gravity-driven transport modelled here. These
outputs can also benefit future hadal investigations by highlighting areas of potential biological interest, on
which to focus sampling effort. Comprehensive exploration of hadal trenches will, in turn, provide datasets
for improving the model parameters and increasing predictive power.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
1.1. The effect of organic matter input on benthic biomass
in the deep-sea
The main structuring factor for benthic diversity and biomass in
the deep sea is believed to be food availability (Rex and Etter, 2010;
Rex et al., 2006) while depth related hydrostatic pressure is likely a
limiting factor for some fauna (Laxson et al., 2011; Yancey et al., 2014).
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Studies of the effects of food availability on deep-sea life typically rely
on inferring relationships between measures of benthic biomass and
organic matter. This organic matter is mostly synthesised in the
euphotic zone, and subsequently exported by gravity to deeper waters.
The export mainly takes place through three processes: (1) the vertical
sinking of particulate organic carbon (POC, or marine snow), produced
through photosynthesis in the euphotic zone (e.g., Sweetman and
Witte, 2008); (2) the delivery of dissolved organic material through
currents and other water movements (Bendtsen et al., 2002); and
(3) the transfer of large amounts of organic matter through sinking of
animal carcasses (Higgs et al., 2014; Lebrato et al., 2012; Smith and
Baco, 2003). Furthermore, inorganic carbon can be fixed through
chemosynthesis both on the seafloor (Olu et al., 1997) and in the water
column (Middelburg, 2011). As particulate organic matter sinks to the
seafloor, it is gradually re-mineralized (Martin et al., 1987; Suess, 1980)
and POC fluxes decrease exponentially with depth; as a consequence,
deeper parts of the ocean generally support lower levels of benthic
biomass (Rex et al., 2006).
Food availability in the deep sea also varies spatially with latitude
(Honjo et al., 2008) and distance from shore (Johnson et al., 2007),
and temporally, via seasonality (Fabiano et al., 2001), inter-annual
climate variation (Smith et al., 2013), upwelling of nutrient-rich
waters (McGillicuddy et al., 1998) and natural iron fertilization
(Venables et al., 2007). Benthic biomass is higher, and dominated by
larger size classes, in areas of the deep-sea overlain by temperate
waters than in those overlain by tropical seas (Galeron et al., 2000;
Thurston et al., 1998). Similarly temporal reductions in food supply
have also been observed to relate to smaller body sizes (Ruhl et al.,
2008) and lower biomass (Ruhl et al., 2014).
Bathymetric characteristics may play an additional role in
driving regional and local scale patterns in food availability. In
areas of complex hydrodynamic activity, such as the summit of
seamounts, the community structure can be dominated by sus-
pension feeders and their predators, resulting in a biomass that is
higher than might be expected from vertical fluxes alone (Rowden
et al., 2010; Thresher et al., 2011). These observations suggest that,
in these areas, input of organic matter through lateral advection,
rather than vertical deposition of marine snow, may be the most
important factor in determining standing stock (Clark et al., 2010;
Duineveld et al., 2004).
1.2. Patterns of benthic biomass in hadal trenches
Hadal trenches are the deepest parts of the ocean. They are
formed at subduction zones of oceanic plates, and they can extend to
depths approaching 11,000 m (Gardner et al., 2014). While they make
up a relatively small part of the ocean seafloor area (1–2%), they
account for 45% of the oceanic depth range (Jamieson et al., 2010).
Hadal trenches are usually shaped as long and narrow valleys, and
often run parallel to coastlines (e.g., Peru-Chile and Japan trenches)
or an island arc (Philippine and Aleutian trenches). They are among
the least studied habitats on the planet, and the factors that control
the distribution and variation of their communities over time are
poorly understood (Jamieson et al., 2010).
For more than 60 years, hadal explorations have mostly used
grabs and trawls (Belyaev, 1989; Vinogradova et al., 1993), and these
have only provided a qualitative description of the hadal ecosystem
(Belyaev, 1989). Existing data suggest that hadal macro- and
megafauna communities are dominated by beard worms (Family
Sibligonidae), spoon worms (Order Echiuroidea), sea cucumbers
(Order Holothuroidea) and pericarid crustaceans (Order Isopoda
and Amphipoda). Other taxa, such as tunicates, cirripeds, bryozoans
and sponges, are rarely collected in hadal samples. Furthermore,
evidence from hadal explorations (Wolff, 1961), as well as from
research on osmolytes (Kelly and Yancey, 1999; Yancey et al., 2014),
suggests that fish cannot live deeper than 8200 m (Jamieson and
Yancey, 2012; Yancey et al., 2014). Depth appears also to limit the
distribution of decapod crustaceans: these have been found in the
Kermadec, Mariana and Japan trenches (Jamieson et al., 2009) at a
maximum depth of 7703 m.
The general trends of decreasing biomass with increasing depth
observed at bathyal and abyssal depths (Rex et al., 2006) are
reduced and, in some cases, reversed in hadal trenches, where
biomass appears to increase with greater depth (Danovaro et al.,
2002; Wolff, 1970). This pattern can be spatially variable within a
trench, as suggested by research in the Puerto Rico Trench where
contrasting trends with depth occur in different areas (George and
Higgins, 1979; Richardson et al., 1995; Tietjen et al., 1989), likely
related to trench topography. The typical V-shape cross section of
trenches may act as a funnel, and could convey the sediments
laterally towards the axis (Itoh et al., 2011, Itou et al., 2000), and
perhaps even along the axis towards the deepest points. More
recent investigations, using benthic oxygen flux data, support the
theory of higher deposition along the trench axis, as higher
bacterial respiration has been recorded in trench sediments than
in the surrounding abyssal plain (Glud et al., 2013).
In this paper we describe a modelling tool that could improve our
understanding of benthic biomass in hadal trenches by accounting
for the lateral transport of organic matter. The model is applied to the
Kermadec Trench and the results can be used to make testable
predictions about the relative distribution of benthic biomass within
trenches which can be ground-truthed by future trench surveys.
Moreover, any differences between model predictions and ground-
truthed estimates could help constrain the degree to which other
factors, such as currents, need to be taken into account.
2. Materials and methods
2.1. Modelling approach
A numerical model (Lateral Transport Model, LTM) was devel-
oped to estimate the benthic biomass of preselected benthic size
classes in hadal trenches, as a function of both vertical and lateral
down-slope transport of organic matter to the seafloor (Fig. 1).
The model, written with the R language (R Core Team, 2012), had
physical and biological compartments. In the physical compart-
ment, fluxes of organic matter between cells were calculated
Fig. 1. Schematic diagram of the Lateral Transport Model (LTM). S¼seafloor slope.
V¼vertical input of organic matter, obtained from Lutz et al. (2007) in this model
application. 1¼ lateral input of organic matter from shallower cells. INi,t¼total input
flux in cell ‘i’ at time ‘t’. 2¼ lateral output flux towards deeper cells (G), which
depends on slope steepness. 3¼burial, or flux of organic matter into the sediment.
This depends on the parameter B, which is the yearly burial rate. E¼flux of organic
matter available for consumption by benthic fauna. Mass¼benthic biomass stock
from 16 size classes (from M1 to M16) comprising macro- and megafauna. R¼stock
of organic matter resulting from mortality and defecation of benthic biomass
(Mass). 4¼ loss of organic matter through respiration towards the water column.
5¼flux of dead and defecated material towards deeper cells, depending on slope
steepness. ING,tþ1¼total input flux in the deeper cells (G) at time ‘tþ1’.
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through matrix operations. In the biological compartment, a system
of allometrically based differential equations (Kelly-Gerreyn et al.,
2014) was used to calculate the biomass of 16 macro- and
megafauna size classes utilizing the local organic detritus pool,
which was fed by vertical and lateral POC fluxes. The size classes
spanned from 0.12 g to 3.83 kg, and the nominal mass (geometric
mean weight) of each class was double the previous one. Each cell
received a constant (i.e. equilibrium) vertical input of POC at each
time step (Lutz et al., 2007), as well as lateral fluxes from the
neighbouring cells, determined by the slope. The organic detritus
pool in each cell was used as food by the fauna and, using a size-
based mortality rate, the organic matter was returned to the detrital
pool and became available for lateral downslope transport.
The model relied on two input datasets: a 2D matrix of vertical
input of POC (g C m2 y1) converted to grams of wet weight,
g(ww), by multiplying by a factor of 4, and a 2D matrix of the
bathymetry of the area, which in this particular application was the
Kermadec Trench, north-east of New Zealand. The bathymetric map
used was obtained from GEBCO 30″ via the method “Resample (Data
Management)” available through the software Arc Map 10 (ESRI,
2010); the new resolution of the map was 6’ and the resampling type
was “BILINEAR”. The model was based on three key assumptions:
(1) the lateral movements of sediment are controlled by gravity, or
are approximated by gravity driven movement of particles down
slope. (2) The POC has two sinks: one was physical, and was referred
to as burial rate (B); the other was biological and accounted for
energy loss through respiration (accounted for in the biological
equations). (3) Scaling in the processes of growth, respiration, and
mortality were determined by allometric relationships with body
size (Kelly-Gerreyn et al., 2014). The effect of temperature on
metabolic rates was not taken into account as this parameter was
believed to be relatively constant (1–1.5 1C) throughout the trench
(Blankenship et al., 2006; Jamieson et al., 2011).
For the purpose of our modelling exercise, we have not taken
tectonic or chemosynthetic mechanisms into account as they are
poorly known and thus difficult to quantify. From a geophysical
point of view, hadal trenches are areas where oceanic crust is
recycled in the Earth’s mantle. This gives rise to extrusion of
material and other tectonic events that could lead to extreme
sediment fluxes in trenches (Itou et al., 2000). Geophysical activity
such as the formation of hydrothermal vents or methane deposits
could also influence animal community in the trench through
processes of chemosynthesis supplementing available food sup-
plies. There is insufficient information, however, to parameterize
these influences in our model. Furthermore, the tectonic influ-
ences may be temporally rare and chemosynthetic inputs may be
rather localised compared to the scale of the model.
2.2. Slope calculations
G was defined as the four cells surrounding i (the central cell of
a moving window) in the four main directions (North, East, South
and West): G¼{N,E,S,W}.
First all slopes (S) between cells of the study area were calculated.
In the general case of the slope between cell G and cell i, the slope
was calculated as follows:
SGi ¼ 2=π arctan
dGdi
cell
ð1Þ
where dG is the depth of cell G, a negative value measured in meters;
di is the depth of cell i, a negative value measured in meters; cell is
the resolution, or the width of the cell (11,130 m at 60 resolution),
and 2/π is a factor to convert radians to a value between 1 and 1.
The result was a value that spanned between 1 (when G was
deeper and the slope was vertical) and 1 (when i was deeper and
the slope was vertical), 0 being a flat slope.
The relative slope in each particular direction was then defined as
γGi ¼
SGi 1DGi
 

P
G S
G
i 1DGi
 

ð2Þ
where SiG is the slope between cell G and cell i (Eq. (1)), and DiG is a
dummy variable which is 0 if the slope is negative, and 1 if the slope
is positive.
Relative slope values were used for subdividing the lateral trans-
port of sediment from one cell among the surrounding ones, as a
proportion of the slope in each direction. If the four slopes going out
of a certain cell were equal, the flux was equally divided between the
directions. Similarly, if only some (or one) of the slopes were positive,
the flux was directed in those (or that) directions.
2.3. Organic matter transport
The flux of bioavailable organic matter (E) that, in each cell (i)
at any time-step (t), was available as food for the benthic com-
munity was defined as
Ei;t ¼ ðINi;t−OUT1i;tÞ  ð1−BÞ ð3Þ
where INi,t is the total input of organic matter in the cell (Eq. (4.1));
OUT1i,t is the fraction of input flux that was transported laterally as
a consequence of slope steepness (Eq. (4.2)), and B is the burial
rate, measured in % per year, including also the ingestion from
other smaller size classes such as meiofauna and protozoa.
There were three fluxes of organic matter to i: (1) the vertical
POC flux from the surface; (2) the lateral transport of POC from
surrounding cells; and (3) the dead organic matter generated by
the fauna in the surrounding cells (Fig. 1). These three sources
were combined as follows to obtain the input and output:
INi;t ¼ Vi;tþOUT1G;t−1þ OUT2G;t−1 ð4:1Þ
OUT1i;t ¼∑
G
γGi  INi;t  τSGi ð4:2Þ
OUT2i;t ¼∑
G
γGi  Ri;t=T  τSGi ð4:3Þ
where Vi,t is the vertical input of POC, from Lutz et al. (2007); γiG is the
factor determining the possible directions (Eq. (2)); INi,t is the input
flux (Eq. (4.1)); τSGi is the transport efficiency value determined by the
slope between i and G (Eq. (5)); OUT1i,t is the fraction of biological
detritus that is transported laterally as a consequence of slope
steepness; Ri,t is the stock of sediment (biological detritus) present
in the cell i at the time step t resulting from mortality and defecation
(Eq. (7)), and T¼100 d, residence time of organic sediments.
2.4. Lateral transport efficiency
An efficiency term (τ) limited the downslope fluxes of organic
matter (OUT1 and OUT2). In the trenches the hydraulic forcing
from currents and tides also likely plays a role in transporting and
funnelling POC. However, we expected that gravitational forcing
was likely to capture organic matter distribution patterns to a first
approximation, and there was very little information on hydrau-
lically driven POC fluxes in trenches or data on deep seafloor
currents (Schmidt and Siegel, 2011). Therefore, at this stage, we
limited model complexity to slope-driven fluxes.
The efficiency of lateral down-slope transport was expected to
follow a logistic function (Bernhardt and Schultz, 2010; Bernhardt
et al., 2012): low at gradual seafloor slopes and rapidly increasing
at mid slopes until reaching 100% efficiency. This efficiency was
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described by the following equation:
τ¼max ðS 90Þ
a
caþðS  90Þa ð5Þ
where max is the maximum efficiency of down-slope transport. This
parameter was set to 1, which resulted in down-slope transport of all
available organic matter; a is a parameter that controls how quickly
the efficiency changed from low to high; S is the slope between the
cells (Eq. (1)), and c is the slope (1) at which τ was 50% of max.
The values of a and c affected the shape of the logistic curve in
the following way: c affected the slope steepness at which τ is 50%,
while a affected how fast τ changed with S at small slopes.
2.5. The biomass model
A simple model based on allometry (Kelly-Gerreyn et al., 2014)
had been implemented in the LTM in order to estimate the benthic
community biomass in each cell of the trench bathymetry. The
model followed accepted allometric theory: biological processes
such as ingestion, respiration, mortality and growth followed
constant relationships with body weight across a broad spectrum
of size classes. Furthermore, this model was considered relatively
versatile, and had been successfully applied to three locations that
differed in physical, chemical and biological characteristics: the
Faroe-Shetland Channel in the north-east Atlantic, the Fladen
Ground in the North Sea and the Oman Margin in the Arabian
Sea (Kelly-Gerreyn et al., 2014). In this wide range of locations and
conditions, the biological model provided a statistically similar
and robust description of the data at each site, with only trivial
changes to the parameters; therefore, we used a parameters-set
that gave the best fit to the three above locations simultaneously,
believing that it would yield comparatively useful approximations
for the hadal zone.
In our application of the biological model, 16 size classes of
hadal benthic macro- and megafauna ranged from 0.12 g to
3.83 kg, with doubling mass increments between size classes. This
range had been chosen to represent a wide range of the possible
contributors to the benthic biomass, both from the macro- and
megafauna, and included the size class of the largest fish collected
in the Kermadec Trench area (cusk eel Spectrunculus sp., 3 kg)
(Jamieson, personal communication), allowing for the presence of
potentially rare large animals. In our model the benthic commu-
nity ‘grew’ on a common detrital food pool (simulating a single
trophic level), and performed the key processes of ingestion,
respiration and mortality. This resulted in competitive interactions
based on the allometric relationships, while predation was not
explicitly accounted for in this model (Kelly-Gerreyn et al., 2014).
While this was a simplified representation of ecosystem function,
it should have provided a general snapshot of a particular benthic
community from the point of view of the relationships between
body size, biomass and abundance.
In the LTM, processes scaled with mean body mass, following
basic allometric theory: after standardizing for the biomass of the
animal, the rate of the processes decreased when the body weight
increased (Griesbach et al., 1982; Peters, 1983). As a result, the
value of biomass per size class was determined as
dMassn
dt
¼ 1−rn  a gn  Ri;t Massn−mn Mass2n ð6Þ
where Massn is the benthic biomass of the nth size class; r is the
respiration coefficient equal to 0.61Mn0.0046; a is the assimilation
coefficient equal to 0.21; g is the ingestion coefficient equal to
1.76Mn0.13; Ri,t is the detritus (Eq. (7)); m is the mortality equal to
0.0009Mn0.40; n is the size class number, and Mn is the nominal
mass (geometric mean weight) of each size class (from 0.93 g to
3.06104 g). Note that respiration rate was given by rnagn and so it
decreased with Mn.
With this biomass model it was possible to estimate the
mortality that occurred in each size class, which was then added
to the detritus pool as an input. Therefore the detritus pool
resulting from the mortality and defecation of the animals was
calculated as
dRi;t
dt
¼ Ei;t−1−∑
n
a gn  Ri;t Massnþmn Mass2n ð7Þ
2.6. Tuneable parameters, sensitivity analysis and evaluation
We ran the LTM using the bathymetry of the Kermadec Trench area
(between 251 and 381S, and 1741Wand 1801, Fig. 2), as this trench was
Fig. 2. Geographic domain of the model. (a) Bathymetric map of the Kermadec Trench region, on which the Lateral Transport Model (LTM) has been run. (b) The hadal area
(46000 m depth) of the Kermadec Trench, isolated from the regional bathymetry. This map highlights the deep ‘holes’ found in the central and northern part of the trench, and
the shape of the trench, which is wide in the southern part, and narrow in the northern part. (c) Slope difference (ΔS1) in the hadal area of the Kermadec Trench. This variable is
calculated as the sum of incoming (positive) and outgoing (negative) slopes for each cell. As a result ΔS1 is negative for the cells from which there mostly is export of organic
matter, it is positive for the cells that mostly receive input of organic matter, and it is 0 for the cells that have similar inputs and outputs of organic matter. The deepest parts of the
trench, located north of 321S, are the areas with highest ΔS1 values, while the southern parts of the trench, being wider and with more gentle slopes, have ΔS1 values closer to 0.
(d) Vertical input of POC at the seafloor, estimated by Lutz et al. (2007) for the Kermadec region, and multiplied by a factor of 4 to convert it from g C m2 y1 to gwwm2 y1.
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among the better studied hadal areas of the ocean, focus of current
research and characterized by intermediate levels of surface primary
production (Longhurst et al., 1995). The Kermadec Trench had a
relatively simple shape, being straight with a relatively constant slope
gradient along the axis, with saddles separating increasingly deep
basins towards the deepest point (10,047 m). The western slope
(fore arc) was steeper than the eastern slope. The southern end of the
trench was 160 km from the nearest land mass (New Zealand), and
therefore likely to receive low fluxes of terrigenous materials relative
to high levels of organic matter that have been observed in other
trenches (e.g., Peru-Chile Trench, Danovaro et al. (2003)).
In order to explore the sensitivity of the LTM to variations of two
independent variables, burial rate (B, Section 2.3, Eq. (3)) and
transport efficiency (τ, and ultimately a and c, Section 2.4, Eq. (5)),
we ran the model to equilibrium in five modes to provide examples of
how these parameters related to each other. First keeping τ constant
(a¼3, c¼61) and varying the value of B (4.5, 9 and 18% per year,
covering the range of organic sediment burial suggested by Reimers
et al. (1992) for a wide depth interval). Second, with B¼9% per year,
we varied the threshold of τ (c¼31, c¼61 and c¼121), chosen as
representative of the range of slopes present in the hadal trench (from
01 to 161). The differences between the runs were measured by the
response of four variables to variations of slope difference (ΔS):
lateral organic matter input (Eq. (4.1)), buried organic matter, amount
of organic matter available for ingestion (Eq. (3)) and resulting benthic
biomass (Eq. (6)). These results were interpreted using two-way
parametric ANOVA: main effects were ΔS (three levels) and the
model scenario (either c or B, three levels each). Two-way parametric
ANOVAwas also used to interpret the effect of model scenario (either
c or B, three levels each) by depth (shallow or deep) and topography
(southern or northern part of the axis) on the modelled benthic
biomass. In all the ANOVA tests the interactions between main effects
were considered as well. All the analyses were done with the
computer program R (R Core Team, 2012).
3. Results
3.1. Slope analysis
The mean slope in the hadal area of the Kermadec Trench
(Fig. 2b) was 0.21 and the maximum was 161. For the purpose of
organic matter redistribution, the difference between incoming
and outgoing slopes (one from each direction G) for each cell
determined whether the organic matter was mostly exported from
the cell (local maxima in the bathymetry, such as the summit of
underwater hills and seamounts, with negative slope difference
values) or imported (local minima in the bathymetry); this will be
referred to as slope difference (ΔS). The frequency distribution of
ΔS1 was normal, with a mean of 01, ranging between 19.51 and
27.61 (Fig. 3).
The LTM was run under five scenarios, where the varying
parameters were burial rate (or uptake inefficiency) (B¼4.5,
9 and 18% per year), and downslope transport efficiency (50%
efficiency (c) at 31, 61 or 121 of steepness). Lateral organic matter
inputs, burial of organic matter and available organic matter from
which the benthic fauna depended, all had a positive relationship
with the main effectΔS (three levels: negative, zero and positive);
although the outputs changed only marginally when varying B,
they were strongly affected by variations of c.
3.2. Slope and levels of lateral sediment input, burial, available
sediment and benthic biomass
Lateral organic matter input (Fig. 4, Table 1 and Table A.1): Lateral
organic matter input increased with ΔS when c was held constant
while there was no main effect from B. When B was held constant,
there was interaction between c and ΔS in determining the
increasing trend of lateral organic matter input; as a consequence
lateral organic matter input increased more strongly from areas
with negative ΔS to areas with positive ΔS when the transport
efficiency was high (c¼31), rather than when it was low (c¼121).
Burial of sediment (Fig. 4, Table 1 and Table A.1): With constant
c¼61, the amount of annually buried organic matter per cell was
positively affected by an interaction of ΔS and B. Similarly ΔS and
c had an interacting effect on the amount of annually buried
organic matter per cell when B was held constant.
Mass of available food (Fig. 4, Table 1 and Table A.1): When c was
held constant, both B andΔS (main effects) had a significant effect
on the amount of available food in each cell: this increased with
ΔS, and decreased with the level of B. When B was held constant,
ΔS and c had an interacting effect on the mass of available food.
As a consequence, in cells with negative ΔS, available food was
highest under low c conditions and lowest under high c condi-
tions, while the scenario was reversed in cells with positive ΔS.
Biomass of fauna (Figs. 4 and 5, Table 1 and Table A.1): The
biomass of benthic fauna in the hadal area of the Kermadec Trench
significantly increased withΔS when c was held constant, and there
was also a small but significant positive effect from the increase of B.
When B was held constant, ΔS and c had an interacting positive
effect on benthic biomass. The relationships between benthic bio-
mass, slope difference and parameter sets were used to derive maps
of expected benthic biomass in the Kermadec Trench area (Fig. 5).
Two characteristics stood out from these plots; the first was the
relative similarity between (a), (b) and (c), which suggested that
variations of B have a small effect on biomass; by contrast the large
differences between (d), (b) and (e) suggested the relative impor-
tance of transport efficiency threshold (c) in determining the
distribution of biomass. Substantial differences in spatial heteroge-
neity of biomass were also apparent between the differing transport
efficiency thresholds: at low levels of transport efficiency (Fig. 5e)
predicted biomass decreased gradually northwards, possibly as a
consequence of lower POC input towards the more oligotrophic
(tropical) parts of the trench. When the transport efficiency was
higher (Fig. 5d), predicted biomass was higher along the axis and
lower along slopes of the trench.
Fig. 3. Slope difference cell counts in the hadal area of Kermadec Trench. The slope
difference is the net quantification of the amount of slopes towards and from each
cell; therefore it is negative in the local maxima (hills and seamounts) and positive
in the local minima (bottom of depressions). The frequency distribution is centred
on cells with slope difference of 01, therefore cells with equal inputs and outputs.
These can be flat, or sloping.
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Higher levels of food availability, estimated to occur at the local
minima of the bathymetry, affected the total benthic biomass estimate
but not the relative abundance of the size classes (Table A.2). Density
increased consistently across size classes when food availability
increased, and this could be quantified by taking as reference point
the density of 1 ind. m2: with higher food input, bigger individuals
could reach this reference density. This allowed suggesting that the
community composition changed with food availability, as the pre-
sence of larger size classes was supported by higher food availability.
3.3. Trench depth, shape and axis topography
Benthic biomass increased with depth under all model scenarios
apart from the one with low transport efficiency (Fig. 6 and Table 2).
When c was held constant (Fig. 6a) the modelled biomass was
positively affected by increasing depth, while there was no effect
from the level of B. When B was held constant (Fig. 6b), transport
efficiency and depth interval interactively affected the variation of
biomass: the response was similar between levels of c up to 8500 m,
while in the deepest parts of the trench biomass increased strongly
with high transport efficiency values and decreased with low c.
Fig. 4. Variation of four modelled response variables with the slope difference (ΔS) in the hadal area of the Kermadec Trench. Error bars show 95% confidence intervals. The
first row of plots (a–d) summarizes the results from model runs in which the burial rate (B) varies between 4.5% and 18% per year. The second row of plots (e–h) summarizes
the results from model runs in which the transport efficiency threshold (c) varies between 31 and 121. (a) and (e) lateral input in each cell; (b) and (f) burial of sediment;
(c) and (g) sediment available for ingestion; (d) and (h) benthic biomass. The responses are measured in five different model settings represented with different symbols and
colours. All the response variables have a positive relationship with ΔS. When B is modified, the response variables show only small variations, while large variations of the
response are recorded when c is changed.
Table 1
F values and statistical significance obtained from testing the effect of ΔS and model
scenario on four outputs of the LTM, through eight ANOVA tests. (a) The level of
slope difference (ΔS¼negative, zero or positive) always has a statistically significant
effect on the model outputs when lateral transport efficiency threshold is held
constant (c¼61), while the level of burial rate (B¼4.5, 9, 18% y1) does not appear to
significantly affect the lateral sediment input. Only for the model output “sediment
burial” there is significant interaction between ΔS and B. (b) When
the burial rate is held constant (B¼9% y1), all four model outputs are affected
significantly by an interaction of ΔS (ΔS¼negative, zero or positive) and level of
lateral transport efficiency threshold (c¼31, 61, 121). The degrees of freedom of the
residuals are 3114 for each test. Significance codes used: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
(a) ΔS (df¼2) Level of B (df¼2) Interaction (df¼4)
Lateral sediment input 1208.6 *** 0.0 0.0
Sediment burial 768.5*** 5286.2*** 109.8***
Mass of available food 987.7*** 7.4*** 0.2
Biomass 508.2*** 3.6* 0.0
(b) ΔS (df¼2) Level of c (df¼2) Interaction (df¼4)
Lateral sediment input 691.9*** 665.1*** 215.4***
Sediment burial 699.1*** 20.4*** 221.9***
Mass of available food 699.1*** 20.4*** 221.9***
Biomass 483.4*** 1.4 127.6***
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Together with depth, trench topography played a role in deter-
mining benthic biomass patterns in the model. Depth increased
along the axis of the Kermadec Trench, from south to the centre of
the trench, with a relatively constant slope gradient, until reaching
8500 m (Fig. 7). In the southern part of the axis the modelled
benthic biomass was relatively low and it decreased towards the
mid part of the axis under all model conditions (Fig. 7a and b,
Table 3). Such behaviour changed in the central and northern parts
Fig. 5. Maps of the distribution of benthic biomass (g(ww) m2) in the hadal area of the Kermadec Trench. The five maps show results from five runs of the Lateral Transport
Model (LTM) under five combinations of burial rate (B) and transport efficiency threshold (c). In the top three maps c is held constant (61), while B is increased from 4.5% y1
to 9% y1 and 18% y1. In the two bottom maps B is held constant at 9% y1, while c is changed from low slope values (31) to high slope values (121). Two characteristics
stand out from these maps; the first is the relative similarity between (a), (b) and (c), which suggests that B has a small effect on benthic biomass; by contrast the differences
between (d), (b) and (e) suggest the high importance of transport efficiency threshold in determining the distribution of benthic biomass.
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of the axis where the biomass was much more variable. When B
varied and c was constant (Fig. 7a), the biomass did not change
significantly along the axis between the northern and southern
areas. However, when c varied and B was kept constant (Fig. 7b) the
two main effects (position along the axis and transport efficiency
threshold) interacted resulting in a higher difference in the modelled
biomass between the northern and southern parts of the axis.
Overall, slope and topography affected the accumulation of
organic sediment (and biomass) resulting in patterns that would
not have been expected if only the vertical flux of organic carbon
from the ocean surface was taken into account (Fig. A.3). Under
high levels of lateral transport efficiency up to twice as much
biomass was found in areas with positive ΔS1 than would be
expected in the absence of lateral transport, and up to half as
much biomass in areas with negative ΔS1. Furthermore, the
process of lateral transport caused biomass levels in areas of net
sediment input (deepest holes along the axis, especially in the
central and northern parts) to be between two and four times
higher than in areas of net sediment output.
4. Discussion
We have presented a model that estimates biomass of benthic
fauna as a consequence of vertical and lateral organic matter
inputs. The results provide testable hypotheses for elucidating the
potential effects of local topography on benthic biomass distribu-
tion in trench environments. To our knowledge, this is the first
such model for deep-sea habitats, and we believe that it can be
used to improve our understanding of benthic ecology in relation
to topography.
In our framework, the effect of local topography (ΔS) on biomass,
and its consequent spatial distribution, was mostly dependent on
transport efficiency (c), while burial rate of organic sediment (B) did
not appear to have a strong effect. The relative insensitivity of the
model to changes in the burial rate suggests that constraining the
residence time of sediments, which appears to be highly variable and
dependant on sediment type (Mayor et al., 2012), would only slightly
improve the accuracy of model predictions. In areas of negative ΔS
(hills or high areas) the biomass was higher under high c scenarios
(low transport efficiency), while this pattern was reversed in areas of
positive ΔS (depressions, or the trench axis). Future attempts to fully
evaluate this model should therefore be aimed at measuring the
Fig. 6. The increase of benthic biomass (g(ww) m2) with depth along the axis of the Kermadec Trench. The benthic biomass was predicted through five runs of the LTM, with
different levels of burial rate (B, panel a) and transport efficiency threshold (c, panel b) represented with different symbols and colours. The benthic biomass increase with
depth is small in the shallow part of the trench (down to 8500 m) and stronger in the deep part of the trench (deeper than 8500 m). The response differs between model
runs only between different levels of c, while different levels of B do not result in significantly different outputs.
Table 2
F values and statistical significance obtained from testing with two ANOVAs the
effect of depth and model scenario on the benthic biomass estimated through the
LTM. When transport efficiency is constant (c¼61) the depth factor (shallow vs.
deep) causes a significant increase of benthic biomass, while there is no effect from
changing the level of burial rate (B¼4.5, 9, 18% y1). When the burial rate is held
constant (B¼9% y1), depth factor and transport efficiency threshold (c¼31, 61, 121)
have an interacting effect on the modelled benthic biomass. This increases with
increasing depth under high and intermediate levels of transport efficiency, while it
decreases with depth when the transport efficiency is low (c¼121). The degrees of
freedom of the residuals are 357 for each test. Significance codes used: 0 ‘***’ 0.001
‘**’ 0.01 ‘*’ 0.05.
Depth factor
(df¼1)
Model scenario
(df¼2)
Interaction
(df¼2)
Varying B,
constant c
59.0554*** 0.7349 0.0031
Varying c,
constant B
34.726*** 93.553*** 16.822***
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Fig. 7. Benthic biomass along the axis of the Kermadec Trench, under 5 different sets of parameters. Depth profile along the axis of the trench is superimposed to both panels
and measured on the right-hand-side y axis. From the south the depth increases at a constant rate up to 8500 m, after which it fluctuates around this value, before
decreasing towards the north. (a) Benthic biomass along the axis of the Kermadec Trench, as predicted from the LTM keeping transport efficiency threshold constant (c¼61)
and varying burial rate (B¼4.5, 9 and 18% per year). (b) Benthic biomass along the axis of the Kermadec Trench, as predicted from the LTM keeping burial rate constant
(B¼9% per year) and varying transport efficiency threshold (c¼3, 6 and 121). The benthic biomass is low and constant in the southern part of the trench, where the depth
increases, and then it becomes highly variable in the central and northern areas of the axis, where the trench is narrower with steeper slopes (Fig. 2).
Table 3
(a) Mean and standard deviation of benthic biomass (g(ww) m2) in the southern and central part of the Kermadec Trench axis, measured under five LTM scenarios with
different levels of sediment burial rate (B) and the transport efficiency threshold (c). (b) F values and statistical significance obtained from testing with two ANOVAs the effect
of location (north vs. south) and model scenario on the benthic biomass estimated through the LTM. When transport efficiency is constant (c¼61) benthic biomass does not
change significantly with location nor with burial rate (B¼4.5, 9, 18% y1). When burial rate is constant (B¼9% y1) benthic biomass is affected interactively by location and
transport efficiency threshold (c¼31, 61, 121). When the transport efficiency is high (31) benthic biomass increases from south to north, while when transport efficiency is low
(121) benthic biomass decreases from south to north. The degrees of freedom of the residuals are 357 for each test. Significance codes used: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
(a) South North t-Test (p-value)
B¼4.5% y1; c¼61 34.6 (0.4) 35.5 (0.6) 1.22 (0.2265)
B¼9 % y1; c¼61 34.4 (0.4) 35.3 (0.6) 1.22 (0.2259)
B¼18% y1; c¼61 34.0 (0.4) 34.9 (0.6) 1.22 (0.2246)
B¼9% y1; c¼31 38.7 (1.0) 44.4 (1.4) 3.37 (0.0010)***
B¼9% y1; c¼121 33.5 (0.3) 30.1 (0.3) 6.30 (3.919e13)***
(b) Location (df¼1) Model scenario (df¼2) Interaction (df¼2)
Varying B, constant c 2.9043 0.6357 0.0001
Varying c, constant B 2.0825 84.9628*** 13.6145***
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benthic biomass in areas with a wide range of ΔS, as this would help
determine a more accurate value for c. The current application of the
model was intended only to provide general trends between benthic
biomass and ΔS, depth and trench shape, and used the Kermadec
Trench as an example area. Model outputs included maps of the
expected biomass distribution for this area of interest. Such maps can
be used for survey planning as they provide an overview of the
biomass patterns theoretically induced by local topography.
In the Kermadec Trench, under all sets of parameters, the model
predicted an accumulation of organic matter and benthic biomass
along the axis of the trench, and depletion on the surrounding slopes.
The benthic biomass levels were predicted to be up to twice as high in
the central and northern parts of the trench, where the axis reaches
greater depths, and the trench is narrower with steeper slopes. In the
southern part of the trench the slopes are gentler; as a consequence
the biomass was predicted to change only marginally between the
slopes and the axis. This prediction is opposed to what would be
expected as a consequence of the surface primary production and
vertical POC flux. As the trench runs in a south-north direction from
temperate to sub-tropical regions it receives a gradient of POC flux
decreasing from south to north. This gradient, which is likely to have a
strong effect on the ecology at the ocean surface, may not translate to
areas within the trench where lateral fluxes become important. The
response of benthic biomass to ΔS does not change when it is
standardized by the vertical flux (V), suggesting that ΔS, rather than
vertical sediment input, drives the biomass distribution in the model.
In case of extremely low lateral transport efficiency (c¼121) the
benthic biomass across the whole hadal area is lower than it would in
the absence of lateral transport. This result suggests an interaction
between lateral transport and burial rate that results in lower fluxes
of biologically available sediment (E).
Accumulation of organic sediments and biomass along the
axis of the trench can be similar to that found along the axis of
submarine canyons, where organic matter and benthic biomass
levels are generally higher than on the surrounding slopes (Vetter
and Dayton, 1998). Strong currents along the axis of canyons (up to
1.9 m s1 in the Scripps Canyon) are generally suggested as a
reason for organic matter accumulation along the axes (Inman
et al., 1976). There is no evidence that trenches experience the kind
of intense cascading currents seen closer to shore at shallower
depths (e.g., Canals et al. (2006)), and hence gravitational transport
may provide a useful first approximation in trenches. The few
empirical measurements from hadal trenches suggest that typical
current speeds for these regions are low (on the order of 1 cm s1
in Puerto Rico Trench Schmidt and Siegel, 2011, and 16.2 mm s1
78.5 in the Kermadec Trench Jamieson et al., 2013). Furthermore,
the effect on sediment redistribution of water mass movements
around deep-sea topographic features is complex (Turnewitsch et
al., 2013), and would need to be addressed with a significantly more
complex modelling approach. Even though the effective sinking
speed is limited by the time step interval, grid spacing, slope and
transfer efficiency applied, the model results are insensitive to
variations in time step and grid spacing because the model is run
to equilibrium, as confirmed by a sensitivity analysis. In the future,
better understanding of effective speed and slope transport may
allow for improvement in this aspect of our model framework.
High-frequency fluid dynamics may have an important effect
on sediment distribution at hadal depths, as suggested by research
in north-western Pacific trenches (Turnewitsch et al., 2014); areas
with high internal tides intensity have sediment deposition that is
lower than expected, possibly as a consequence of particle break-
down and consequent re-suspension or lower sinking rate. Also,
abrupt events such as earthquakes (Itou et al., 2000) can induce
extreme levels of sediment and associated organic matter trans-
port in hadal trenches. Cyclones could have similar effects in
trenches that are close to land masses, as they increase the input of
terrestrial organic materials in the water column, which can then
be transported to depth (George and Higgins, 1979). We did not
attempt to take either of these latter effects into account, but
we acknowledge that they exist and that future research could
consider them.
Distance from land is, potentially, another relevant factor in
determining the amount of lateral sediment fluxes to a trench. High
meiofauna abundance in the Puerto-Rico and Atacama trenches have
been attributed to inputs of terrestrial organic materials (Danovaro et
al., 2002; Tietjen et al., 1989); similarly abundance, species richness,
and diversity appear to be higher in the New Britain Trench, rather
than in the Mariana Trench, possibly as a consequence of higher
allocthonous food input (Gallo et al., 2015); furthermore, distance from
land has been found to influence the meiofauna abundance and
community composition in Mediterranean non-hadal trenches off the
Greek coast (Tselepides and Lampadariou, 2004). A factor accounting
for distance from shore could probably improve model interpretations
when comparing multiple trenches.
ΔS could be an effective indicator of organic sediment matter
accumulation from lateral transport in the Kermadec Trench, and
could explain some of the benthic biomass patterns found in other
hadal trenches. Meiofauna biomass and abundance in the Puerto-
Rico Trench, recorded by Tietjen et al. (1989), were higher at the deep
station (8189 m) than at the shallow station (7394 m). With a simple
slope analysis for these two areas through the GEBCO bathymetry,
we find that the deep station is in an area of net organic matter input,
having positiveΔS, while the shallow station is an area of net organic
matter output (Table 4). Therefore, according to our model the two
stations would have different organic matter accumulation rates,
which could explain the different levels of observed meiofauna
biomass and abundance (Tietjen et al., 1989). In the same trench,
George and Higgins (1979) investigated the macrofauna biomass and
abundance at Brownson (8800 m) and Gillis Deep (7600 m) sites,
finding that both were higher at the shallower station.
They suggested that this was caused by the input of plant debris
through a submarine canyon at Gillis Deep, something we cannot
Table 4
Comparison of literature data with ΔS1 predictions through the GEBCO 6’ bathymetry.
Reference Site name Trench name Lat Long Depth (m) GEBCO depth (m) ΔS1 Meiofauna Bacteria
Abundance
ind. /10 cm2
Biomass
μg C/10 cm2
Respiration
Tietjen et al. (1989) Puerto-Rico 19108.70N 66114.30W 7460 7394 2.37 44 (710) 3.8 (71.6)
Tietjen et al. (1989) Puerto-Rico 19135.70N 66111.20W 8189 8373 4.30 96 (715) 14.3 (75.1)
Danovaro et al. (2002) B1 Atacama 23130.50S 70142.80W 1050 2359 3.78 550 (7186) 1053 (7140)
Danovaro et al. (2002) B4 Atacama 23146.60S 70134.40W 1140 1733 6.74 672 (7350) 578 (7239)
Danovaro et al. (2002) C7 Atacama 23115.00S 70140.00W 1355 2324 0.26 639 (7425) 723 (7534)
Danovaro et al. (2002) A1 Atacama 23115.00S 71121.00W 7800 7592 13.03 6378 (73061) 824 (7348)
Glud et al. (2013) Reference Mariana 10150.80N 142133.80E 5982 6531 1.75 Low
Glud et al. (2013) Challenger deep Mariana 11122.10N 142125.80E 10,813 9494 6.38 High
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confirm with our model framework yet, as the station location data
are not precise enough. In the Peru-Chile Trench there are meio-
fauna hotspots at a depth of 7800 m supported by high concentra-
tions of nutritionally rich organic matter (Danovaro et al., 2002).
This site has a higher ΔS1 value than the other sites examined by
Danovaro et al. (2002) (Table 4). More recently, Glud et al. (2013)
suggested elevated rates of organic matter inputs as the cause of
higher concentration of microbial cells and higher oxygen con-
sumption at Challenger Deep in the Mariana Trench, when com-
pared to a site on the neighbouring abyssal plain (Reference site).
Also in this case the ΔS1 estimated through the GEBCO bathymetry
is higher for the suggested high-deposition site (Table 4). Glud et al.
(2013) also found that bacterial respiration in the deepest point of
the Mariana Trench was about twice that on the adjacent abyssal
plain. For the Kermadec Trench we found a similar result, as the
modelled biomass in the areas of highest input, under high
transport conditions (B¼9% y1, c¼31) can be up to two times
higher thanwith no transport. Furthermore, under almost all model
scenarios we found that the local minima in the trench bathymetry
have higher biomass levels than would be expected without
transport.
There are few quantitative data of benthic fauna biomass/abun-
dance currently available for the Kermadec Trench and these data are
mainly from sampling expeditions in the 1950s (Belyaev, 1989). These
data are insufficient to fully validate the model. Nevertheless Belyaev
(1989) noted that of the two trawl stations of the Vityaz expedition,
benthic biomass was estimated to be slightly higher at the deepest site
(0.06 g m2 at 10,000 m compared with 0.04 g m2 at 9000m).
These values are low compared to the ones estimated by the LTM,
possibly because of undersampling by the trawl gear (Gage and Bett,
2005). Belyaev (1989) also reported the estimates of benthic fauna
abundance from two types of trawl samples recovered by the Galathea
expedition from the Kermadec Trench: abundance was highest at
the deepest site (2100 ind. m2 at 8200 m, compared with 63 to
1100 ind. m2 at shallower hadal depth sites). The biomass increase
with depth, predicted by our model, is generally consistent with these
very limited data, and suggests that lateral transports of organic
matter could explain the distribution pattern of benthic fauna in the
Kermadec Trench.
5. Conclusions
We have developed a model that estimates the hadal benthic
biomass as a function of vertical and lateral organic matter inputs,
providing a broad-scale understanding of the potential effects
of local topography on biomass distribution, and a quantitative
theoretical framework to guide future sampling of trenches. Since
early hadal exploration, unexpectedly high biomass levels found in
some deep locations have suggested that benthic biomass might
increase with depth in the trenches instead of decreasing as along
other depth gradients. Lateral transport of food, and accumulation
at depth, could be driving these trends.
Our outputs would allow, in the presence of a comprehensive
hadal biomass dataset, constraining the lateral transport parameter
(c) in the model. With this objective in mind, a survey should aim at
sampling across the full depth range, and in areas with a range of
estimated slope difference (ΔS), as this factor may be a key driver of
food accumulation in trenches. Variations in the burial rate of organic
matter only resulted in small differences in model outputs, suggest-
ing that this factor might play a smaller role.
Trench topography appears to play a major role in determining
areas of high benthic biomass: the presence of deep holes,
opposed to a smooth and flat axis, is predicted to result in areas
of higher biomass variability. Overall our model suggests that the
simple process of lateral downslope sediment transport results in
complex patterns of benthic biomass inside a trench.
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Appendix A
See. Tables A1 and A2 and Fig. A3.
Table A1
LTM output summary: means and standard deviations of four model outputs under 5 sets of model parameters of varying burial rate (B) and transport efficiency threshold
(c), in relation to slope difference.
Slope difference Slope difference
Negative Zero Positive Negative Zero Positive
Model run B¼4.5 ; c¼6 Lateral sediment input g(ww) m2 y1 0.5 (0.1) 0.6 (–) 3.7 (0.2) Sediment burial g(ww) m2 y1 0.1 (–) 0.1 (–) 0.1 (–)
B¼9 ; c¼6 0.5 (0.1) 0.6 (–) 3.7 (0.2) 0.1 (–) 0.2 (–) 0.3 (–)
B¼18 ; c¼6 0.5 (0.1) 0.6 (–) 3.7 (0.2) 0.2 (–) 0.4 (–) 0.5 (–)
B¼9 ; c¼3 2.1 (0.3) 2.4 (0.1) 10.8 (0.5) 0.1 (–) 0.2 (–) 0.4 (–)
B¼9 ; c¼12 0.1 (–) 0.1 (–) 0.8 (0.1) 0.2 (–) 0.2 (–) 0.2 (–)
Model run B¼4.5 ; c¼6 Mass of available food g(ww) m2 y1 3.9 (0.2) 6.9 (0.1) 9.6 (0.2) Biomass g(ww) m2 26.7 (0.3) 30.3 (0.2) 34.9 (0.4)
B¼9 ; c¼6 3.8 (0.1) 6.8 (0.1) 9.5 (0.2) 24.6 (0.3) 30.1 (0.2) 34.7 (0.4)
B¼18 ; c¼6 3.7 (0.2) 6.6 (0.1) 9.2 (0.2) 24.3 (0.3) 29.7 (0.2) 34.3 (0.3)
B¼9 ; c¼3 1.9 (0.1) 6.5 (0.1) 14.7 (0.6) 20.3 (0.3) 29.3 (0.2) 41.3 (0.8)
B¼9 ; c¼12 5.5 (0.1) 6.9 (0.1) 7.0 (0.1) 28.1 (0.2) 30.3 (0.2) 30.7 (0.2)
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